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ABSTRACT 

The present dissertation’s theme is based upon a project developed by Câmara Municipal de Lisboa 

(CML) with the objective of improving the city’s drainage system during flood periods. In the project, the 

need of designing different intersection wells is referenced, whose function is connecting drainage pipes 

with major elevation differences. The focus of this work is therefore to accomplish the structural design, 

in reinforced concrete, of one of this intersection wells which will be designed as a Vortex Drop Shaft.  

Based on the provided data for the Vortex Drop Shaft, the global geometry and the structural materials 

that comprise it were set. Afterwards, the construction sequence was studied and, based upon it, the 

acting actions on the structure were quantified. Finally, in a last stage, the structure was modelled in 

three dimensions using the finite elements method so safety regulations of Ultimate Limit State (ULS) 

and Serviceability Limit State (SLS) could be afterwards assessed, thus allowing the calculation of the 

needed reinforcement.  

Lastly, various sections of the structure will be presented to allow for better detail of the adopted 

reinforcement as well as helping in the global perception of the Vortex Drop Shaft’s geometry. 

 
KEYWORDS: Vortex Drop Shaft, Reinforced Concrete, Structural Design, Three-Dimensional 

Modelling 

 

 

1. INTRODUCTION 

 

 
1.1. Background 

With the objective of finding an answer to 

future problems related with climate changes 

and increasing land occupation on the city of 

Lisbon, the Câmara Municipal de Lisboa (CML) 

has elaborated a municipal drainage plan 

designated by Lisbon General Drainage Plan 

2016-2030 (PGDL – Plano Geral de Drenagem 

de Lisboa) [1] aiming in the creation of short-

medium term intervention plans that solve the 

present and future drainage problems. 

Various solutions were developed after a survey 

within the most vulnerable areas, namely of 

structural and complementary nature. To choose 

the most viable solution, a comparison was 

made between them by studying and analyzing 

the costs, environmental impact and general 

advantages and disadvantages. 
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In the PGDL 2016-2030 [1] document there is a 

detailed description of the various proposed 

solutions as well as the research upon which 

was made the decision of choosing the solution 

currently backed in the PGDL 2016-2030. 

The figure 1, taken from PGDL 2016-2030 [1], 

shows the chosen solution. In it there is a plan to 

build a water flow diversion tunnel between 

Monsanto – Santa Marta – Santa Apolónia with 

the length of 5 𝑘𝑚 containing 3 intersection wells 

in it. 

 

Figure 1 – Image taken from PGDL 2016-2030 [1]: 

Monsanto - t.ª Marta - St.ª Apolónia Drainage tunnel layout 

 
his Master dissertation’s thesis is therefore 
focused in the designing of one of the intersection 
wells, located on the Av. Liberdade. 

 
1.2. Initial data 

The provided data to begin work was: 

• Terrain quota: +43,50 𝑚; 

• Dissipation chamber interior slab part 

quota: +14,75 𝑚; 

• Approach flow channel with a 

quadrangular 2x2 𝑚 section; 

• Intake structure ramp slope 𝑆𝑜𝑜: 3%; 

• Outlet channel diameter 𝐷𝑢: 2,8 𝑚; 

• De-aeration channel has to allow 

access of a bob-cat; 

• Set design discharge 𝑄𝑑:15 𝑚3/𝑠 

• Soil layers: earthfill, “Argilas e Calcários 

dos Prazeres (𝑀𝐼
1)”, Complexo 

Vulcânico de Lisboa (CVL) e Calcários 

cristalinos com fósseis (CC
3). 

2. STRUCTURAL MATERIALS AND 
DURABILITY 

 

Being an important structure, its working life was 

considered equal to 100 years. Due to being 

globally buried, the following concrete’s 

environmental exposure classes were considered: 

XC4 and XA1, accordingly to NP EN 1992-1-1 [2]. 

Following LNEC E464 2005 [3] specification, the 

minimum concrete cover is 50 mm and the 

superior strength class is C40/50. 

The concrete specifications are, accordingly to NP 

EN 206-1 [4]: C40/50; XA1(P); Cl 0,40; Dmax 22; 

S3. 

It will be used a S500 NR SD structural steel.  

 

3. DEFENITION OF THE VORTEX 
DROP SHAFT 

The book Wastewater Hydraulics – Theory and 

Practice [5] written by Willi H. Hager was the sole 

source of information in defining the Vortex Drop 

Shaft’s geometry, so all the information presented 

in this chapter was adapted from there. Defining it 

takes three major elements (Figure 2): 

• Intake Structure – A and B; 

• Vertical Shaft – C; 

• Outlet structure – D, E, F, G and H. 

 
 

 

 

 

 

 

 

 

 

 
 

Figure 2 – Adapted from Kellenberger 1988 [11]: Vortex Drop 
Shaft 

 Tunneling with TBM 
 Trench excavation 
 Intersection vertical shafts 
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Intake Structure 

This structural element is comprised of the 

approach flow channel and the intake spiral. Its 

main objective is to turn a rectilinear approach 

flow coming from the approach flow channel 

and turn it into a vertical shaft flow.  

The intake structure’s geometry mainly 

depends on the type of flow from the approach 

flow channel. Froude’s number 𝐹𝑟 value is the 

defining parameter for the flow type, given by 

the following equation: 

𝐹𝑟 =
𝑉𝑜

(𝑔ℎ𝑜)
1
2

 (1) 

In it, 𝑉𝑜 is the approach flow channel for the 

design discharge (𝑚/𝑠), 𝑔 is the gravitational 

acceleration (𝑚/𝑠2) and ℎ𝑜 is the intake spiral’s 

entrance water height (𝑚). 

𝑉𝑜 is dependent upon the design discharge 

and the approach flow channel’s geometry, 

whose data were initially provided, while ℎ𝑜 can 

be found in [5]. Thus, according to equation (1): 
 

Table 1 – Definition of the Froude number 
 

Parameters Values 

𝑔 (𝑚/𝑠2) 9,81 

ℎ𝑜 (𝑚) 0,92 

𝑉𝑜 (𝑚/𝑠) 8,05 

𝐹𝑟 2,66 

Relying on [5], the obtained 𝐹𝑟 value indicates 

a supercritical approach flow, so the 

recommended intake structure’s geometry is 

like the presented on the following image: 

 
Figure 3 – Image taken from Hager 1999 [2]: Intake 

Structure’s geometry for a supercritical approach flow 

Multiple expressions are recommended in defining 

the variables in figure 3, so consultation of the 

chapter 15.3.2 [5] is advised. The intake structure’s 

geometry was set based upon the initial values 

(figure 4). In table 3 the inner and outer curve’s 

profile are defined, being T the stretch, C the curve 

centre and ∅ the angle.: 

 
Figure 4 – Intake structure and spiral’s geometry plan view 

 
Table 2 – Intake Structure’s inner and outer curves definition 

 

Inner curve Outer curve 

 T ∅ (𝑟𝑎𝑑) C T ∅ (𝑟𝑎𝑑) C 

 1 [0 a π] C2 1 [0 a π] C3 

 2 [π a 1,25 π] C1 2 [π a 2π] C4 

 3 [1,25 π a 2 π]     

Table 3 quantifies the geometric values of 

figures 3 and 4: 
 

Table 3 – Parâmetros que definem a geometria da Intake 
Structure 

 

Vortex’s defining parameters 

𝐷𝑠  (𝑚) 2,40 

𝑠 (𝑚) 0,25 

𝑑 (𝑚) 1,70 

𝑎 (𝑚) 3,80 

𝑅1 (𝑚) 3,48 

𝑒1 (𝑚) 0,33 

𝑅2 (𝑚) 2,18 

𝑒2 (𝑚) 0,98 

𝑅3 (𝑚) 1,63 

𝑒3 (𝑚) 0,18 

𝑅4 (𝑚) 1,45 

𝑠1 (𝑚) 0,60 
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To finalize the intake structure’s geometry, it’s 

still missing the definition of its height and ramp 

slope (variable 𝐽𝑠𝑒 in figure 3, here denoted has 

𝑆𝑜𝑜The height depends of the maximum flow 

height and the intake spiral, while for the ramp 

slope it’s recommended a range of values 

[5Based on this, a height of 4 𝑚 and a  

𝑆𝑜𝑜 = 10% was considered. 

Vertical Shaft 

In this structural element it’s important that the 

flow stability is guaranteed for an annular flow 

to occur, meaning a descending rotational 

water flow alongside the walls of the shaft 

separated of a central air core flow. In this 

condition, a smooth boundary in the vertical 

shaft is preferred, which is achieved by usage 

of smooth concrete walls (𝐾 = 75 𝑚1/3𝑠−1 [6]). 

To calculate the maximum velocity for the flow 

in the vertical shaft and the length of the shaft 

in which that velocity is achieved there are 

expressions defined in Hager 1999 [5]. Since 

the dissipation chamber interior slab quota is 

fixed and its geometry was defined according 

to [5], the vertical shaft’s length is fixed and 

equal to 17,50 𝑚 and 𝑉𝑜𝑢𝑡𝑙𝑒𝑡 = 15,88 𝑚/𝑠. The 

shaft’s efficiency (𝜂) is therefore 41% [5]. 

Outlet structure 

In the definition of the outlet structure’s 

geometry, the following parameters are 

recommended: 

• Length: 𝑆𝑡 ≅ 4𝐷; 

• Width: 𝐷 < 𝐵𝑡 < 1,2𝐷; 

• Height: 𝐷𝑡 ≅ 4𝐷. 

Where 𝐷 is the maximum diameter between 

the Vertical Shaft (𝐷𝑠) and the outlet channel 

(𝐷𝑢). 

The width value was conditioned by the fact 

that the de-aeration channel must permit the 

passage of a bob-cat. Thus, the following table 

synthetizes the adopted dimensions for the 

geometry of the dissipation chamber: 
 

Table 4 – Definição das curvas interior e exterior da Intake 
Structure 

 

Dissipation Chamber 

𝑆𝑡  (𝑚) 12,45 

𝐵𝑡  (𝑚) 6 

𝐷𝑡  (𝑚) 6 

It is also advised by Hager 1999 [5] that the 

dissipation chamber have the final part of the top 

slab leaned at a 45º degree angle for a better 

transition of the flow between the dissipation 

chamber and the outlet channel, and that it have 

in its interior an element that helps to create a 

water cushion and protect the floor from the 

impact of the flow from the Vertical Shaft. Three 

solutions are presented, being chosen the 

construction of a transverse sill at the distance of 

1 𝑚 from the ground and with a height of 1 𝑚 and 

a thickness of 0,5 𝑚. These elements usually are 

located at a distance of 1,5𝐷 from the axis of the 

Vertical Shaft. Lastly, the adopted diameter for 

the de-aeration channel was 4,2 𝑚. 

For a better perception of the vortex drop shaft’s 

geometry, a 3D model was elaborated. The 

adopted thickness values were the final ones 

(figure 5). 

 
Figure 5 – Global geometry of the Vortex Chamber 

 

4. CONSTRUCTION PROCESS 

Having finished the definition of the geometry, it’s 

necessary to decide how to proceed with the 

excavation and retaining of the construction. 

Considering the characteristics of the terrain, we 

have a terrain mostly with clay limestone up until 

10 to 12 𝑚 of depth and the remaining is rock. 

Two types of geometry were studied for the 

restraint perimeter and two types of excavations 

were analysed rock excavation with two vertical 

shafts, and a complete excavation in a large 

shaft. By analysing the pros and cons of each 

option, it was chosen to do a retaining structure 

using secant pile walls with the perimeter shown 

on figure 6. 
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Figure 6 – Plan of the excavation solution 

The piles will have the length of the dig plus a 

rock embedment length of 6 𝑚. Also, all the 

layers will be excavated and afterwards will be 

grounded. 

To complement the excavation, a bracing 

system (reinforced concrete beam in strut 

action) with 9,13 𝑚 will be done on the 

intersection between the two circumferences of 

the retaining perimeter. The following image 

shows a cut of the excavation in an advanced 

phase 

 
Figure 7 – Representação esquemática da escavação 

The following table shows the excavation’s 

volume, the necessary concrete volume to 

execute the piles and the concrete volume 

used in the shoring. The first phase is the 

excavation for the piles, and the second phase 

is the remaining excavation.  

Table 5 – volume de betão e de terreno 

 

Description Quantities 

Total volume of dirt+rock 

(𝑚3/𝑚) 
215,71 

Volume of dirt+rock 

on a first phase (𝑚3/𝑚) 
41,85 

Volume of dirt+rock 

on a second phase (𝑚3/𝑚) 
173,86 

Volume of concrete 

 for primary piles (𝑚3/𝑚) 
22,62 

Volume of concrete 

 for secondary piles (𝑚3/𝑚) 
22,62 

Total volume of concrete  

 used in the shoring (𝑚3) 
26,65 

 

5. COMBINATION ACTIONS AND 
DESIGN ACTIONS 

The security verification of the elements that 

compose the Vortex Drop Shaft will be done in 

accordance with the NP EN 1990:2009 [7], to the 

ELS (ultimate limit states) and to the SLS 

(serviceability limit states). 

Ultimate Limit States 

This state is related to the safety of the people 

and/or the structure. All of the structural 

elements must fulfil the following requirement: 

𝐸𝑑 < 𝑅𝑑 (2) 

Given that 𝐸𝑑  is the design value of effect of 

actions and 𝑅𝑑 is the design value of the 

resistance. 

In the following work, the condition (2) for the 

Fundamental Combination and Seismic 

Combination will be verified. The value of 𝐸𝑑 

recommended by the NP EN 1990:2009 [7] is, 

respectively: 

𝐸𝑑 = ∑  𝛾𝐺,𝑗𝐺𝑘,𝑗

𝑗≥1

"+" 𝛾𝑄,1𝑄𝑘,1"+" ∑  𝛾𝑄,𝑖 𝜓0,𝑖𝑄𝑘,𝑖

𝑖≥1

 (3) 

𝐸𝑑 = ∑  𝐺𝑘,𝑗

𝑗≥1

"+"P"+"  𝐴𝐸𝑑"+" ∑   𝜓2,𝑖𝑄𝑘,𝑖

𝑖≥1

 (4) 

The seismic action was calculated for the Quasi-

Permanent combination. The partial safety 

factors used on the equations (3) and (4) are 

shown on table 6 and table 7: 
 

Table 6 – Partial safety factors 
 

 Partial safety factors 

Combination 𝛾𝐺 𝛾𝑄 

Fundamental 1,35 1,5 
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Table 7 – Partial safety factors 

 
 Partial safety factors 

Combination 𝜓2 

Quasi-Permanent 0,00 

Serviceability Limit States 

This state is related to the comfort, appearance 

and the normal functioning of the structure. 

The recommended condition to verify by [7] is: 

𝐸𝑑 < 𝐶𝑑 (5) 

In which 𝐶𝑑 is given by: 

𝐸𝑑 = ∑  𝐺𝑘,𝑗

𝑗≥1

"+"P"+"𝑄𝑘,1"+" ∑  𝜓0,𝑖𝑄𝑘,𝑖

𝑖≥1

 (6) 

In this work the crack width value will be 

controlled and cannot be higher than the 

maximum value in accordance to the NP EN 

1992-1-1 [2], which is equal to 0,30 𝑚𝑚. 

DESIGN ACTIONS 

The following actions were considered: (i) self-

weight of the structure; (ii) live loads; (iii) soil 

lateral pressures; (iv) weight of the earthfill; (v) 

hydrostatic pressure; (vi) uplift pressure; (vii) 

seismic actions, (viii) flow effect. 

To know self-weight of the structure a pre-

design was necessary in order to quantify the 

thickness of the concrete of the constructive 

elements. As such, it was defined that: 

• Approach flow channel: all walls and 

slabs with 0,3 𝑚 

• Intake spiral: all walls and slabs with 

0,3 m 

• Vertical Shaft and de-aeration channel 

with 0,3 𝑚 

• Dissipation chamber: all walls and 

slabs with 0,7 𝑚 

Relatively to the seismic actions, the effect of 

mass acceleration will be overlaid by the 

response spectrum NP EN 1998-1 [8] and the 

dynamic effect of the soil over the structure 

when the seismic phenomenon occurs 

(EM 1110-2-2100 [9] and NP EN 1998-5:2010 

[10]). 

 

In this last case, it was acknowledged that the 

Vortex Drop Shaft behaves like a rigid structure 

and, as such, the formula for the pressure 

increment is [10]: 

𝛥𝑃𝑑 = 𝛼𝑆𝛾𝐻2 (7) 

In order to quantify the flow effect, the book 

Kellenberger 1988 [11] was consulted, so it is 

advised its consultation. 

 

6. FINITE ELEMENT MODEL 

In the presence of complex geometry structures, 

it can be at times complicated to analyse the 

global behaviour using simplified methods. With 

the advance of technology it was possible using 

a finite elements software, to approximate the 

computational results to the real values. 

As such, in order to analyse the behaviour of the 

Vortex Drop Shaft it was modelled in a finite 

element program. (image 8).  

 
Image 8 – Three-dimensional FEM model 

The slabs and walls were modelled as shell-thin 

elements. It was also considered that the 

structure is continuously supported on the base 

and the dissipation chamber walls by the 

stiffness springs 𝐾1 and 𝐾2, respectively. These 

springs, which have a unique way of 

compression, simulate the interaction between 

the ground and the structure. To activate the 

springs effect there was a non-linear analysis of 

the structure. The formula that permits the 

determination of the coefficient of soil reaction is 

given by the expression of Vesic: 
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𝑘𝑠 =
0,65𝐸𝑠

𝑏(1 − 𝜈𝑠
2)

√
𝐸𝑠𝑏4

𝐸𝑓𝐼𝑓

12

 (8) 

Given that 𝑘𝑠 = 𝐾1 = 76407 𝑘𝑁/𝑚/𝑚2 and 

𝐾2 =
1

3
𝐾1. 

To define the seismic action, it is necessary to 

know which are frequencies of the modes of 

vibration of the structure. As such, the “Modal” 

function with the Modulus of Elasticity of 

Concrete equal to 17,5 𝐺𝑃𝑎. The first mode is 

equal to 0,143 𝑠. 

 
Image 9 – Adapted Graphic from [16]: Response spectrum 

and modes of vibration of the Vortex Drop Shaft 

Based on the modes of vibration obtained, it 

was chosen to consider that the structure was 

accelerated by the maximum spectral velocity. 

In the Seismic Combination, springs were 

additionally defined on the walls of the vertical 

shafts and de-aeration channel below the 

Intake spiral with a compression stiffness of 

10000 𝑘𝑁/𝑚/𝑚2, and on the walls of the intake 

spiral and remaining de-aeration channel with 

a compression stiffness of 5000 𝑘𝑁/𝑚/𝑚2. 

These springs are intended to simulate the 

confinement of the Vortex Drop Shaft in the 

events of a seismic phenomenon (earthquake). 

Were these springs not defined, the structure 

would have a behaviour equal to a cantilever, 

which is not compatible with the environment 

it’s inserted. 

 

6.1. Ultimate Limit States 

Approach flow channel 

It was chosen to design this structural element 

solely on the direction 1. For that, some 

sections relative to the approach flow channel 

were selected, the most conditioning ones 

shown on the following tables.  

 

The longitudinal reinforcement design was done 

in accordance with NP EN 1992-1-1 [2], while the 

transversal reinforcement design was done 

based on the Portuguese legislation (REBAP). 

The sections of the approach flow channel where 

mostly conditioned by the Fundamental 

Combination. The distinction between the zones 

referring to the slabs and walls will be made by 

the designation “S” and “L”, respectively. 
 

Table 8 - Longitudinal reinforcement - direction 1 
 

Section Face 𝑒 (𝑚) Reinforcement  

S3-S Top 0,30 
 ɸ12//0,15+ɸ16//0,15 

 (20,94 cm²) 

S3-W Top 0,30 
 ɸ12//0,15+ɸ12//0,15 

 (15,08 cm²) 

S4-S Bottom 0,30 
 ɸ12//0,15 

 (7,54 cm²)" 

S4-W Bottom 0,30 
 ɸ12//0,15+ɸ10//0,15 

 (12,78 cm²) 

S7-S Bottom 0,30 
 ɸ12//0,15+ɸ16//0,15 

 (20,94 cm²) 

S7-W Bottom 0,30 
 ɸ12//0,15+ɸ16//0,15 

 (20,94 cm²) 

S8-S Top 0,30 
 ɸ12//0,15+ɸ10//0,15 

 (12,78 cm²) 

 
Table 9 – Transversal reinforcement 

 

Section Transversal Reinforcement 

S3-S 
Stirrups 3L ɸ8//0,15 
 (10,05 cm²/m/m) 

The sections not shown on table 17 do not have 

any kind of reinforcement. 

There was no alteration to the thickness in 

relation to the initials. 

Intake spiral 

Double direction design. On longitudinal 

reinforcement design and transversal 

reinforcement design, the same regulations were 

used. Of the chosen sections, the most relevant 

were: 
 

Table 10 - Longitudinal reinforcement - direction 1 
 

Section Face 𝑒 (𝑚) Reinforcement 

S9 

Top 0,40 
 ɸ20//0,15+ɸ16//0,15 

 (34,35 cm²) 

Bottom 0,40 
 ɸ20//0,15+ɸ16//0,15 

 (34,35 cm²) 

S10 Bottom 0,40 
 ɸ20//0,15 

 (20,94 cm²) 

S11 
Top 0,50 

 ɸ20//0,15 
 (20,94 cm²) 

Bottom 0,50 
 ɸ20//0,15 

 (20,94 cm²) 

S12 Bottom 0,30  ɸ12//0,2 (5,65 cm²) 

0
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Table 11 - Longitudinal reinforcement - direction 2. 
 

Section Face 𝑒 (𝑚) Reinforcement 

S9 
Top 0,40 

 ɸ20//0,15+ɸ16//0,15 
(34,35 cm²) 

Bottom 0,40  ɸ20//0,15 (20,94 cm²) 

S10 

Top 0,40 
 ɸ20//0,15 

 (20,94 cm²) 

Bottom 0,40 
 ɸ20//0,15 

 (20,94 cm²) 

S11 
Top 0,50  ɸ12//0,1 (11,31 cm²) 

Bottom 0,50  ɸ12//0,1 (11,31 cm²) 

S12 Bottom 0,30  ɸ12//0,2 (5,65 cm²) 

 
Table 12 – Transversal reinforcement 

 

Section Transversal Reinforcement 

S9 
Stirrups 7L ɸ8//0,15 
 (23,46 cm²/m/m) 

S11 
Stirrups 5L ɸ10//0,15 

 (26,18 cm²/m/m) 

During the analysis the thickness of the ramp 

was increased to 0,5 𝑚 and the thickness of 

the top slab to 0,4 𝑚. 

Vertical Shaft and de-aeration channel 

Design of these elements followed the same 

directives of the case of the intake spiral: 
 

Table 13 - Longitudinal reinforcement - direction 1. 
 

Section Face 𝑒 (𝑚) Reinforcement 

S15 

Top 0,60 
 ɸ20//0,1 

 (31,42 cm²) 

Bottom 0,60 
 ɸ20//0,1 

 (31,42 cm²) 

S16 

Top 0,60 
 ɸ20//0,1 

 (31,42 cm²) 

Bottom 0,60 
 ɸ20//0,1 

 (31,42 cm²) 

 
Table 14 - Longitudinal reinforcement - direction 2. 

 

Section Face 𝑒 (𝑚) Reinforcement 

S13 Bottom 0,30 
 ɸ12//0,2 

 (5,65 cm²) 

S14 Bottom 0,30 
 ɸ12//0,2 

 (5,65 cm²) 

S15 Bottom 0,60 
 ɸ12//0,1 

 (11,31 cm²) 

S16 Bottom 0,60 
 ɸ12//0,1 

 (11,31 cm²) 

 
Table 15 – Transversal reinforcement 

 

Section Transversal Reinforcement 

S15 
Stirrups 5L ɸ8//0,2  
 (12,57 cm²/m/m) 

S16 
Stirrups 5L ɸ8//0,1  
 (25,13 cm²/m/m) 

 

 During the analyses the thickness of the shafts 

near the fixed connection were increased to 0,6 

𝑚. 

Dissipation chamber 

Design of these elements followed the same 

directives as the two previous analysis. To note 

also that the same notation used to distinguish a 

zone from slab or wall was used here. 
 

Table 16 - Longitudinal reinforcement - direction 1. 
 

Section Face 𝑒 (𝑚) Reinforcement 

S17-S Bottom 1,20 
 ɸ25//0,1 

 (49,09 cm²) 

S18-S Top 1,20 
 ɸ25//0,1 

 (49,09 cm²) 

S18-W Top 0,70 
 ɸ25//0,075 
 (65,45 cm²) 

S19-W Bottom 0,70 
 ɸ20//0,075 
 (41,89 cm²) 

S20-W Top 0,70 
 ɸ25//0,075 
 (65,45 cm²) 

S20-S Top 0,70 
 ɸ20//0,075 
 (41,89 cm²) 

S21-S Bottom 0,70 
 ɸ16//0,075 
 (26,81 cm²) 

 
Table 9 - Longitudinal reinforcement - direction 2. 

 

Section Face 𝑒 (𝑚) Reinforcement 

S17-S Bottom 1,20 
 ɸ20//0,1 

 (31,42 cm²) 

S18-S Top 1,20 
 ɸ20//0,1 

 (31,42 cm²) 

S18-W Top 0,70 
 ɸ20//0,15 

 (20,94 cm²) 

S19-W Bottom 0,70 
 ɸ20//0,15 

 (20,94 cm²) 

S20-W Top 0,70 
 ɸ20//0,15 

 (20,94 cm²) 

S20-S Top 0,70 
 ɸ20//0,15 

 (20,94 cm²) 

S21-S Bottom 0,70 
 ɸ20//0,15 

 (20,94 cm²) 

 
Table 10 – Transversal reinforcement 

 

Section Transversal Reinforcement 

S18-W 
Stirrups 7L ɸ8//0,075 

 (46,91 cm²/m) 

S19-W 
Stirrups 4L ɸ8//0,15 

 (13,4 cm²/m/m) 

S20-W 
Stirrups 4L ɸ8//0,15 

 (13,4 cm²/m/m) 

S20-S 
Stirrups 5L ɸ12//0,15 

 (37,7 cm²/m/m) 

S21-S 
Stirrups 3L ɸ8//0,15 

 (10,05 cm²/m/m) 

The sections not shown on table 17 do not have 

any kind of reinforcement. 

The reinforcement of the dissipation chamber 

was conditioned by the Fundamental 

Combination. During the analysis the thickness 

of the Top slab was increased to 1,2 𝑚. 
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6.2. Serviceability Limit States 

Approach flow channel 

The most relevant tensions in the concrete and 

crack widths from the analyzed sections are 

shown on table 11. 
 

Table 11 - Crack width and tension in concrete 
 

Section Face 𝑤𝑘  (𝑚𝑚) 𝜎𝑐 (𝑀𝑃𝑎) 

S3-S Top 0,11 14,0 

S3-W Top 0,25 20,7 

S4-S Bottom 0,22 9,5 

S4-W Bottom 0,19 13,2 

S7-S Bottom 0,19 14,0 

S7-W Bottom 0,22 15,2 

S8-S Top 0,27 14,3 

Intake spiral 

On this element is reached a maximum tension 

in concrete equals to 13,0 𝑀𝑃𝑎. The maximum 

crack width obtained is 0,11 𝑚𝑚 

Vertical Shaft e de-aeration channel 

On this element is reached a maximum tension 

in concrete equals to 5,4 𝑀𝑃𝑎. The maximum 

crack width obtained is 0,09 𝑚𝑚. 

Dissipation chamber 

The most important results to point out are on 

direction 1. The verification of the SLS of the 

dissipation chamber is shown on table 12. 
 

Table 12 - Crack width and tension in concrete – direction 1 
 

Section Face 𝑤𝑘  (𝑚𝑚) 𝜎𝑐 (𝑀𝑃𝑎) 

S20-W Top 0,11 17,2 

S20-S Top 0,20 19,5 

S21-S Bottom 0,14 10,0 

 

7. CONCLUSION 

As the definition of the global geometry of the 

Vortex Drop Shaft followed the directives 

suggested by Hager 1999 [5], it is believed that 

the hydraulic behaviour of the structure is 

ensured. For the purposes of a real project it is 

advisable to make a reduced model in the 

laboratory to validate the theoretical results. In 

the case someone wants to make some 

change outside of the proposed in [5], for 

example, changing the geometry of the 

dissipation chamber, it is mandatory to run 

laboratory tests. 

Although the seismic effect considered was 

considerably penalized, approximating the 

structure to a rigid body, and with a behaviour 

factor 𝑞 of 1,5, the most conditioning action in 

the majority of cases was the Fundamental  

Combination, for example in the dissipation 

chamber. This can be justified by the fact that 

important actions like the weight of the structure 

(large volume of concrete) and terrain impulses 

(depth of 30 m) are increased by 35% due to the 

partial safety factors of the permanent actions, 

while in the seismic combination they come 

multiplied by 1,00.  

In the present dissertation, only a structural 

dimension analysis was carried out during the 

operating period of the Vortex Drop Shaft and, as 

such, it would be necessary to verify the 

structural safety during the construction phase of 

the work. It was also defined as peripheral 

containment the use of secant pile walls, but 

these were not design.  
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